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ABSTRACT 
This paper presents an analytical model of fuel consumption (AMFC) to coordinate the 
driving power and manage the overall fuel consumption for an internal combustion engine 
vehicle. The model calculates the different loads applied on the vehicle including road-slope, 
road-friction, wind-drag, accessories, and mechanical losses. Also, it solves the combustion 
equation of the engine under different working conditions including various fuel compositions, 
excess airs and air inlet temperatures. Then it determines the contribution of each load to 
signify the energy distribution and power flows of the vehicle. Unlike the conventional models 
in which the vehicle speed needs to be given as an input, the developed model can predict the 
vehicle speed and acceleration under different working conditions by allowing the speed to 
vary within a predefined range only. Furthermore, the model indicates the ways to minimises 
the vehicles' fuel consumption under various driving conditions. The results show that the 
model has the potential to assist in the vehicle energy management. 
Keywords: Frictions, modeling, simulation, and fuel consumption. 
1. INTRODUCTION 
Apart from obvious economic benefits, reduction of fuel consumption in vehicles also 
helps reduce air pollution emission levels. Mechanical engineers and automotive researches 
have therefore continuously tried to formulate ways to optimise fuel consumption in vehicles. 
Optimising fuel consumption in vehicles can be achieved through improvements in a 
number of factors including: environmental conditions, driver behaviour, vehicle specifications, 
and intelligent transportation approach [1]. Bandivadekar and Heywood [2] presented an 
analysis that shows the possibility of halving the fuel consumption of new vehicles by means of 
the stated improvements by 2035 . Among the given factors, enhancement in vehicle 
specifications and quality is considered to be the most influential mean in reducing the fuel 
consumption of vehicles. 
A review of the existing research on vehicle energy management modeling and simulation 
highlights good but limited achievements, and also identifies a number of directions and gaps 
for a better system to be developed. Post et al. [3] developed a fuel consumption model based 
on the instantaneous power demand in conventional vehicles. It provided aggregate fuel 
consumption measures for on-road driving. The power demand was derived from the vehicle's 
mass, drag, velocity, acceleration and road gradient. Driving pattern data for both urban and 
non-urban trips was presented. Ahn [4] created a mathematical model to predict vehicle fuel 
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consumption. The model used the following key input variables: speed and acceleration. The 
work described modelling processes and the tradeoffs between model accuracy and 
computational efficiency. Model verification results were calculated for two vehicle driving 
cycles. The model was incorporated into a microscopic traffic simulation tool to further 
demonstrate their application and relevance to traffic studies. 
Sun et al. [5] presented a nonlinear dynamic model for direct injection stratified charge 
gasoline engines for fuel efficiency. The model was developed and validated using 
dynamometer engine mapping data obtained from a cylinder direct injection stratified charge 
(DISC) engine. It was shown that the multi-mode operation of a DISC engine dictates a hybrid 
model structure and also requires a coordinated multivariable control strategy to achieve 
expected efficiency. Markel et al. [6] studied an analysis package for advanced vehicle 
modelling called Advanced Vehicle Simulator developed by the National Renewable Energy 
Laboratory, USA. It is used to quantify the fuel economy, the performance, and the emissions 
of vehicles that use alternative technologies including fuel cells, batteries, electric motors, and 
internal combustion engines in hybrid configurations. 
In recent years, several researches have focused their attentions on hybrid electric 
vehicles and the development of energy management models and strategies to increase their 
fuel efficiency. Langari et al. [7] proposed an intelligent energy management agent for parallel 
hybrid vehicles. The agent included a driving situation identification component whose role 
was to assess the driving environment, the driving style of driver, and operating mode of 
vehicle. Fuzzy logic was used to improve energy management. Grelle et al. [8] designed an 
agent-based architecture to control hybrid vehicles. That architecture was used to design a 
complex hybrid control environment, in which genetic algorithm was used to optimise energy 
flow management. Koot [9] formulated a regenerative braking strategy that was based on 
optimisation techniques. With regenerative braking, a fixed amount of electrical energy could 
be obtained. The baseline strategy already provided some regeneration, where the 
regenerative amount increased with the requested load. For higher electric loads, the fuel 
reduction became smaller. Poursamad [10] presented a genetic-fuzzy control strategy for 
managing energy in hybrid electric vehicles. A fuzzy logic controller was tuned by a genetic 
algorithm to minimise fuel consumption and emission. The simulation tuning process was 
executed in three different driving cycles. 
In spite of the ongoing investigation of the power analysis, there is still a gap in 
understanding of the performance of fuel consumption of vehicles. This paper employs the 
analysis and simulation approach to develop an analytical model of fuel consumption (AMFC), 
for an internal combustion engine vehicle. The AMFC calculates the energy distribution and 
power flows in the power train of the vehicle and related losses. It indicates the ways to 
minimises the vehicles' fuel consumption under various driving conditions. The AMFC learns 
when it is run, and makes proper adjustments to the way it operates to ensure that fuel 
consumption optimisation is achieved. 
2. Specification of Vehicle and Environment 
A vehicle engine can be treated as a controlled volume system for study purposes, as 
shown in Figure 1. The inflows of energy to the controlled volume are air and fuel, while its 
outputs are mechanical power developed by engine, exhaust gas, warm air, and heat loss by 
convection and radiation to the surroundings 
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Figure 1. The control volume of internal combustion engine showing energy flows [11]. 
The energy balance equation of the controlled volume is given in Equation (1), where the 
left-hand-side term calculates the generated power and the right-hand-side terms give the 
consuming powers. 
Q eomballstio n = (Q filet + Q air - Q exhaust ) 
where: 
Pjde/iOIl 
~/rag 
P"eees,\'ories 
= Proad -ji-ietiol1 + Pdrag + P.\"ope + Pacee'\'sol)' + Pdril'ing + Qwater /oil + Qheallos.\· 
= Fuel heat content = [(ho + /)'h)] 
f jile! 
= Exhaust heat content = [(h~ + /).h)]"h""SI 
= Road friction power loss = C . mgcos<t>x V 
rol/mg / 
= Wind drag power loss =C (B)x!pV'A(B)xV 
drag 2 / 
= Road slope power loss = mgsin<t> x V, 
= Accessories power loss =constant 
=Driving power = ~[l!2xmx(V= -V')] 
/).t 11 1 
(1 ) 
In order to include all losses, Equation (1) is reformed into the following equation where 
the effect of different losses is taken into account by corresponding efficiencies. 
(Q combustion ) X l] 0110 X l] filc/ -"'T X lJ mechanical X lJ heat loss = Pllet 
where: 
'70ifO 
'I fllel-air 
= P road - ji-iction + P drag + P.\'/ope + PaeeessoJ)' + Pdriving 
= Power output of engine 
=Otto cycle efficiency= 1- (;-1) =0.529 [12] 
rc 
= Real fuel air engine efficiency =0.75 [13] 
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(2) 
IJmechonicol 
=Mechanical efficiency=O.9 [11] 
"heat loss 
= Heat loss efficiency=O.8 [12] 
Table 1 below provides the parameters involved in calculating the items above 
Table 1: Parameters involved in energy balance equation of vehicle 
Description Type Symbol Value 
Combustion 
Enthalpy of formation E-F h~ Thermodynamic tables of [14] 
-Sensible formation E-F !l h Thermodynamic 
tables of [14] 
combustion energy E-F q combuslion 38017 k'A kg 
mass flow rate of fuel combustion v-a kYs InfifeJ 
Temperature of fuel V-S T jllel 27°C 
Temperature of air V-S T air 27"C 
Temperature of exhaust V-S Texhaust 450°C 
Engine compression ratio E-F I~ 8.6 
Air compression ratio E-F r 1.35 
Ratio of nitrogen per oxygen E-F rN2/02 3.76 
Excess air v-a E t!xccs.I'air 20% 
Road 
Road friction E-F F/riCfiOIl C rolirllg mg cos <D 
Road friction coefficient E-F Crolling 0.01 
Gravity acceleration E-F g 9.8 m/s2 
Vehicle velocity v-a V, 16.6 mls 
Vehicle angle v-a B, 0° 
Drag 
Drag friction E-F F:lrag, I • Ceo., (O)x -zPV 'A(O) 
Wind angle of attack E-F B, 0° (front attack) 
90° (side attack) 
180° (rear attack) 
Wind velocity E-F v, 20,15,10 mls 
Result wind and vehicle angle v-a e Calculate in 
simulation 
AMFC 
Result of wind and vehicle speed v-a V, Calculate in 
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in dt 
Result of wind and vehicle speed 
in dt-1 
Drag coefficient 
(By simulation) 
Front surface area of vehicle 
(By simulation) 
Vehicle + passenger mass 
Air density 
Slope 
Slope friction 
Road slope angle 
Radius of Comfort requirement 
Method slope 
Accessory 
Plight + Pradio 
Driving 
Step time 
V-S vehicle specification 
V-O vehicle operation 
E-F environment factors 
R-O road condition 
+ Paircundili 01/ 
v-a 
V-S 
V-S 
v-a 
E-F 
R-O 
R-O 
R-O 
V-O 
V-O 
To calculate <2eo",hoo.'Ii'" Equation (3) is used: 
QCOJllhIlS/iOI1 ::::: m.filel x q combus/ioll 
simulation 
AMFC 
~-l Calculate in 
simulation 
AMFC 
Cdmg(e) 
-(0.00005)x(e) 
+ 0.0097 x (e) + 0.31 
Ace) l.Sxl/cos(e) 
m 1280 kg 
p 1.225 kg/m 3 
F;,"ope mg sin <i> 
<D _30° < Step < 30° 
R 100 m 
Constant, Constant 3000 watt 
!":J.. tor dt 0.05 second 
(3) 
where Qeombosliol1 is the combustion energy. In this model, the fuel is assumed to be C"H1S711 
in [14]. The complete combustion of CSHI496 with 1+k percent theoretical air is written: 
CS H 1U6 + k x 11.74 X (02 + 3.76)N2 -----+ sc02 + 7.4SHP + 11.74(k -1)02 + 11.74 x 3.76 x k x N2 (4) 
To understand the procedure used in the case of chemical reaction, consider the steady 
combustion process. This reaction involves the combustion of CSHI496 with air producing cO2 
(and water). The CSHI496 and air each enter the control volume at 2rC, 300
0 K, and 0.1 
MPa Pressure and the heat transfer are such that all leave at 723° K, 0.1 MPa pressure. If the 
heat transfer was accurately measured, the released energy would be 109100 kJ I per 8 
/kg 
mole of cO2 [15]. The result of Equation (4) gives. 
(5) 
Where: 
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kJ/kg and 
L n,[hf +M]e = 8Cq[hf + Ll,,]Cq + 7.48HlXchf +Ll,,]HP+l1.74x(0.2)Q[Ll"]02 + 11.74x3.76x1.2xNJLl,,]N2 = 37219.7(kJlkg 
and Wcv=O 
qcomb",Uon =1-37219 .70 + 793.23 1 =38017.93 kJ/kg 
Substituting the terms stated in Table 1, the mass flow rate fuel consumption of the 
vehicle can be calculated as follows: 
• _ ~oad-fricliOJT + Pdrag + ~"ope + PaccessOIJ' + Pdriving 
111fiIC/ -
(q combustion) X l} otto X 1] fild-arr X rymechonical X lJ"eat loss 
(6) 
To optimize the mass flow rate of fuel combustion, the quantities of the denominator in the 
right hand side of Equation (6) must increase, or the quantities of the numerator must 
decrease. To achieve this, it is necessary to analysis the thermal behavior of the vehicle under 
different operating conditions. The total fuel consumption in this process is: 
T 
m/ne! = J m/llel x dt 
o 
(7) 
where T is the total numbers of steps involved in the simulation. The equation (2) can be 
transformed into: 
(8) 
The symbols given in these equations are described in Table 1. The acceleration of the 
vehicle in Llt time can be calculated as: 
~ -~_I dV 
at=~=dt 
Also, the distance of traversed by vehicle in Lll is: 
These equations are used for our simulation in every step. 
3. Simulation Methodology 
3.1 Model 
(9) 
(10) 
Based on the energy balance (calculations) developed above, simulation is carried out. 
The overview of the power and data flows model is shown in Fig 2. Power flows from tank 
through to wheels, It can be seen from the figure that the data flow path includes the following 
modules representing the data inputs/outputs to/from the model: 
i. Road-slope (RSM): This module specifies the slope angle of the road. 
ii. Road-friction (RFM): This module gives road friction coefficient, gravity 
acceleration, and motion angle. 
iii. Combustion (CM): This module employs the combustion process described in 
Equations (3), and calculates and returns the amount of combustion energy. 
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iv. Wind-drag (WDM): This module gives wind parameters including wind speed, 
wind direction, and drag coefficient. 
v. Accessory (AM): This module represents the accessories embedded with the 
vehicle such as electrical devices and air conditioning unit. 
vi. Vehicle-efficiencies (VEM): This module defines the values of the otto cycle, real 
fuel air engine, mechanical, volumetric, and heat loss efficiencies associated 
with the vehicle. 
These modules sense and calculate the described data that is associated with either the 
vehicle or the environment in which the vehicle operates, and then store it in a database. 
Additionally a number of conditions and limitation associated with drive strategy and vehicle 
type are pre-determined. These data is also stored into the database. These data is fed, 
through a database, into the AMFC that calculates and outputs mass flow rate of fuel 
combustion, speed, acceleration, and overall power consumption. The AMFC then illustrates 
this information in the form of graphs, and also stores it for future references. 
Figure2. Overview of the developed power flow analysis model for vehicles. 
3.2 Algorithm 
A block flow diagram description of the simulation methodology AMFC for vehicles is 
given in Figure 3. The simulation methodology combines such data as vehicle behaviour, 
environmental conditions, and stable drive operation, working in an iterative and backward 
approach. The AMFC's iterative simulation approach allows high accuracy calculation of major 
factors (mass flow rate of fuel combustion, speed, acceleration, and overall power 
consumption) in the simulation of fuel consumption process. 
The simulation starts with initialising several variables including normal power and primal 
kinetic energy for moving vehicle. Then the vehicle/environment and engine/drive-strategy 
data is retrieved from the database into process and calculation block and control result block. 
The data include arrays of 24000 elements (steps). In process and calculation block, one 
iteration occurs in each step representing a certain time interval of the duration 0.05 sec. In 
each iteration, Equation (4) is calculated first. Then the results are used to compute Equation 
(6), producing a value for Iii 
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Figure3. Overview of the simulation methodology. 
In each iteration of the process, the vehicle speed should remain constant and thus the 
fuel consumption of vehicle is expected to remain constant. However, due to changes in 
various frictions, the required power may become larger than the normal power. In this case, 
more fuel will be consumed to maintain the speed and acceleration within their desired ranges. 
On the other hand, if certain frictions are reduced, the required power becomes smaller than 
the normal power. In this case, less fuel will be consumed to keep the speed and acceleration 
within their specified ranges. The iteration behaviour during the simulation closely resembles 
that of the real-vehicle. In our simulation, all frictions are examined in every iteration step of 
0.05 secs (dt time). 
In each iteration of the simulation, Equations (8-10) are next calculated to find the actual 
speed and acceleration. These results are then compared with the drive strategy data. If the 
comparison is satisfied then these data will be forwarded to the next block where they 
overwrite the results of the previous iteration. On the other hand, when the comparison result 
is unsatisfactory, the power of engine needs to be corrected by decreasing or increasing it in 
the increase/decrease power block. Once either of speed or acceleration is found greater than 
the desired limit, then the engine power is reduced. On the other hand, when either of speed or 
acceleration becomes smaller than the desired limit, the engine power is increased. 
In the assignment block, old data is overwritten with the new data. Also a copy of the 
information is stored into the database, and the iteration results are displayed for the user. 
These steps are repeated maintaining both the speed and acceleration remain within their 
limits until the simulation time reaches the final step. 
3.3 Slope simulation 
In real world, when a road is designed, several geometric design methods could be used 
[16] to smoothen physical slope of the road. A popular method is called "vertical curve comfort" 
that provides a smooth passage vertical curve. Figure 4 demonstrates the components of a 
parabolic vertical curve and Equation (11-16) gives the formulae used to calculate the middle 
ordinate, intermediate coordinates, and the distance from either end of the curve. 
Gl 
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Figure4. Components of a parabolic vertical curve. 
The length of the vertical curve (m) for a 1 % change of grade (m/unit %) is given as 
follows: 
L K=-, 
A 
where: 
L= Length of vertical curve (measured horizontally) 
A=Algebraic difference of grade (%) 
(11 ) 
K is also given in the standard sag vertical curve comfort criteria [16] for such parameters as 
desired speed and acceleration (see Table 2). 
Table 2 Sag vertical curve comfort criteria [16) 
Design 
speed K a=O.10g 
(km/h) a=O.05g 
40 3 1.5 
50 4 2 
60 6 3 
70 8 4 
80 10 5 
a=acceleration 
Also, for design purposes, a vertical curve can be plotted using a circular curve of radius R 
which approximates a parabolic curve by the relationship: 
R=lOOxK (12) 
In our work, K is chosen as 3, and thus for the acceleration of 0.1 g (0.98 m/ S2), the speed 
of should be 60 km/h (16.6 m/s). As shown in Figure 4, the distances OA and 08 are equal, 
and can be calculated as follows: 
OA = OB = Tan <P x R 
2 
(13) 
This formula is used to prepare the road data that is used as the main input in the 
simulation of the developed AMFC model. 
3.4 Drive strategy 
In this work, we have considered a vehicle with the engine specification as given in Table 
3. 
Table 3. Engine specification 
Parameters Min Max Average 
Engine size (litre) ---- 1.9 ---------
RMP (rev Imin ) 4000 6000 4500 
Engine power (kW) 9.9 120 12 
We have formulated a set of rules called "Drive Strategy" which determines a collection of 
variation ranges for speed, acceleration, as well as travel time. These are given in Table 4. 
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Table 4. Drive strategy parameters 
Parameters Min Max Average 
Speed (m Is) 16.38 16.94 16.66 
Acceleration (m Is' ) -0.98 0.98 0.5 
Travel Time (8) ------ 1200 0.05 
Using the fuel map diagram presented in [9], for a 2 litre conventional engine and the 
average speed shown in Table 4, we calculated the difference between in Figure 5. As can be 
seen, the fuel map can approximately be represented by a linear relation between the 
mechanical power less than 70 kW and the fuel rate for each engine speed. The relation 
between the mechanical power above 70 kW and the fuel rate for each engine speed is 
nonlinear that can be simulated with the function y = O.OOO2x2 +O.048Ix+ 1.2557 . 
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Figure5. Fuel map of a Spark Ignition (SI) engine 
4. Result and Discussions 
The developed AMFC is simulated using the methodology described in Section 3 with 
primal kinetic energy for moving vehicle around 8635 watt. Four simulations were conducted: 
flat-windless, flat-windy, sloppy-windless, and sloppy-windy. The procedure for the four 
simulations is explained below. 
4.1.1 Simulation 1 
In the first simulation, the AMFC was tested on a set of data associated with a 
flat-windless condition. The road was set to be flat with no slopes and bends. In addition, the 
environmental wind (wind-drag) was assumed to be zero. However, we took into account the 
following parameters: road-friction, combustion, and constant accessory. Some of the 
parameters were variable and some constant as discussed in Section 2. Tables 1-4 give the 
values used for the constant parameters, or the formulas used for the variable parameters. 
The variable parameters included arrays of 24000 elements each. The simulation was 
therefore conducted in 24000 steps, each step representing the elapse of 0.05 s. In each step, 
the related element from the variable parameters was used in the simulation. The overall 
simulation took 1200 sec. The travel distance for the vehicle was around 20 km. 
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Figure6 (a) Slope angle data and (b) wind-speed data used in Simulation 1. 
Figure 6 illustrates the slope angle as well as the wind-velocity data used in this simulation. 
The horizontal axis shows the 24000 simulation steps, while the vertical axis displays the slope 
angle in (a) and the wind-velocity in (b). 
4.1.2 Simulation 2 
In the second simulation, the AMFC was tested on a set of data associated with a 
flat-windy condition. The road was set to be flat with no slopes and bends. However, the 
environmental wind (wind-drag) was assumed to be non-zero. Considering the wind velocity 
and angle of attack, ten different conditions were implemented: v, = 20 m/s 
[02 =0', O2 =90', °2 =180' 1, V,=15 m/s [02 =0', °2 =90', O2 =180' 1 and V,=10 m/s 
[ 0, = 0' , 02 = 90' , 02 = 180' ].In addition, we took into account the following parameters: 
road-friction, combustion, and constant accessory. 
1 1 1 1 1 1 1 I I I 
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Figure7 (a) Slope angle data and (b) wind-speed data used in Simulation 2. 
Figure 7 illustrates the slope angle as well as the wind-velocity data used in this simulation. 
The horizontal axis shows the 24000 simulation steps, while the vertical axis displays the slope 
angle in (a) and the wind-velocity in (b). 
4.1.3 Simulation 3 
In the third simulation, the AMFC was tested on a set of data associated with a 
sloppy-windless condition. The environmental wind (wind-drag) was assumed to be zero. 
However, the road was set to be sloppy with various slope angles, see Equations (11-13). 
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Slope angle was varied within the range - 20° ::; 0 ::; + 25°. We also took into account the 
following parameters: road-friction, combustion, and constant accessory. 
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Figure8 (a) Slope angle data and (b) wind-speed data used in Simulation 3. 
Figure 8 illustrates the slope angle as well as the wind-velocity data used in this simulation. 
The horizontal axis shows the 24000 simulation steps, while the vertical axis displays the slope 
angle in (a), and the wind-velocity in (b). 
4.1.4 Simulation 4 
In the fourth simulation, the AMFC was tested on a set of data associated with a 
sloppy-windy condition. The road was set to be sloppy with various slope angles within the 
range - 20° ::; 0 ::; + 25°. Moreover, the environmental wind was assumed to be non-zero. 
The wind angle of attack was varied was varied as follows: 82 = 0' , 82 = 90', and 
82 =180'.Considering the wind velocity, however, four different conditions were implemented: 
v 2 = 0, V 2 = 1 0, V 2 = 1 5, V 2 = 20 . Similarly, the following parameters were also considered: 
road-friction, combustion, and constant accessory. 
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Figure9 (a) Slope angle data and (b) wind-speed data used in Simulation 4. 
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2.4 
Figure 9 illustrates the slope angle as well as the wind-velocity data used in this simulation. 
The horizontal axis shows the 24000 simulation steps, while the vertical axis displays the slope 
angle in (a) and the wind-velocity in (b). 
4.2 Discussions 
The developed AMFC was simulated under the four conditions as explained above: 
flat-windless, flat-windy, sloppy-windless, sloppy-windy. The simulation results are as follows. 
4.2.1 Simulation Result 1 
The power and fuel consumption results for the first simulation are shown in Figure 10. In 
this simulation, initially 8635 watt of energy is given to the vehicle so that the initial speed of 
16.6 m!s is achieved. This value was calculated using Equation (2). Since the frictions were 
constant, the consumed power remained constant at 8635 watt. Similarly, the fuel 
consumption of the vehicle remained constant at around 0.0011 liter!step. Using Equation (7), 
the average fuel consumption of the vehicle was found to be 6.652 liter!1 00 km. 
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Figure10 (a) Power consumption and (b) Fuel consumption in Simulation Result 1. 
4.2.2 Simulation Result 2 
The power and fuel consumption results for the second simulation are shown in Figure 11. 
Initially 8635 watt of energy is given to the vehicle so that the initial speed of 16.6 m!s is 
achieved. Ten different conditions were simulated: V2 = 20 m!s [82=0°, 82=90°, and 
82=180 0 )'V2 =15m!s [82=0°, 82=90°, and 82=180°) and V2 =10m!s [82=0°, 82=90°, and 82=180°). 
As can be seen from the figure, the power consumption remained almost constant around 
8635 watt while the wind speed was zero. The power consumption increased significantly 
when the vehicle was attacked by a front wind82 =0". For example during the simulation Steps 
3000-4000, the power consumption was increased by three fold due to the high friction caused 
by the attacking wind. The amount of power consumption increase was less during Steps 
10000-11000 and 17000-18000 when the vehicle traveled with lower speeds. When the 
vehicle was attacked by a side wind 82 == 90", the power consumption was increased only 
slightly in comparison with the windless case. For example during the simulation Steps 
5000-6000, the power consumption was increased from 8635 watt to about 10000 watt. The 
amount of power consumption increase was less during Steps 12000-13000 and 19000-20000 
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when the vehicle traveled with lower speeds. Finally, when the vehicle was attacked by a rear 
wind O2 =180", the power consumption was decreased in comparison with the windless case. 
The reason is the rear wind attack helps the propulsion of the vehicle demanding less fuel also. 
For example during the simulation Steps 7000-8000, the power consumption was decreased 
from 8635 watt to about 7600 watt. The amount of power consumption decrease was less 
during Steps 14000-15000 and 21000-22000 when the vehicle traveled with lower speeds. 
The average fuel consumption for Simulation 2 was found to be around 7.541 liter/100 km. 
4.2.3 Simulation Result 3 
The power and fuel consumption results for the third simulation are shown in Figure 12. 
Initially 8635 watt of energy is given to the vehicle so that the initial speed of 16.6 m/s is 
achieved. The road was set to be sloppy with various slope angles - 20° ::; 0 ::; + 25°. The 
energy consumption remained constant at 8635 watt when the road slope angle was zero. 
However, when the road slope angle increased, the power consumption of the vehicle also 
increased according to the angle of slope. For example, at Steps 16000-17000, a slope with an 
angle of ¢ = 25 0 was seen by the vehicle. This resulted in an increase in the power 
consumption from 8635 watt to 110 kW. On the other hand, at Steps 17000-18000, a slope 
with an angle of ¢ = _ 2 0 0 was seen by the vehicle. This caused a decrease in the power 
consumption from 8635 watt to -65 kW that this power recompense with power brake then 
power consumption will be around 7800 watt. Using Equation (7), the average fuel 
consumption for Simulation 3 was found to be around 9.058 liter/100 km. 
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Figure11 Power consumption and Fuel consumption in Simulation Result 2. 
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Figure12 Power consumption and Fuel consumption in Simulation Result 3. 
4.2.4 Simulation Result 4 
The power and fuel consumption results for the fourth simulation are shown in Figure 13. 
Initially 8635 watt of energy is given to the vehicle so that the initial speed of 16.6 mls is 
achieved. The road was set to be sloppy and the environmental wind was assumed to be 
non-zero. The energy consumption remained constant at 8635 watt where the condition was 
flat-windless (e.g. Steps 0-3000). Depending on the condition of the road slope angle and the 
wind speed and angle of attack, the power consumption varied as shown in the figure. Using 
Equation (7), the average fuel consumption for Simulation 3 was found to be around 9.843 
liter/100 km. 
A comparison of the power consumption related to various frictions is shown in Figure 14. 
It can be seen from the figure that the power consumption has significantly peaked in an 
unscheduled manner where the slope friction was present. It can be noted than the accessory 
friction was the second most impact factors increased the power consumption. This friction has 
to be managed in particular where the vehicle reaches a slope. It can be said that the slope 
friction acts as a transit friction requiring careful management to be able to reduce fuel 
consumption. 
5. Conclusions 
To coordinate the driving power and manage the overall fuel consumption of an internal 
combustion engine vehicle, an analytical model of fuel consumption was developed in this 
work. Unlike the conventional models in which the vehicle speed needs to be given as an input, 
the developed model predicts the vehicle speed and acceleration under different working 
conditions by allowing the speed to vary within a predefined range only. To assess the 
model's sensitivity to different loads, four simulations were conducted: flat-windless, flat-windy, 
sloppy-windless, sloppy-windy. The average fuel consumption for the four simulations was 
presented. It was found that the power consumption significantly increases where the slope 
friction comes into play. 
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Figure13 (a) Power consumption and (b) Fuel consumption in Simulation Result 4. 
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Figure 14 Power Consumption results in AMFC 
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